Abstract: Phase-sensitive optical time domain reflectometry -OTDR has been widely used in vibration sensing applications due to its high sensitivity and distributed sensing capability. However, the real vibration behavior is hard to be distinguished from ambient interferences by conventional -OTDR, since the responses to simultaneous behaviors are nonlinearly added together. Fortunately, if we focus on the phase information of backscattered light, it would be much easier to obtain the accurate vibration signal and separate different intrusions, due to the linear strain-phase response. Based on this technique, we present a vibration separation method by analyzing the time difference between two fiber positions in this paper. A proof of principle experiment is designed and implemented, and double vibrations influencing the same fiber zone are identified and extracted, which demonstrates the improvement of signal identification in the -OTDR system. Index Terms: Distributed optical fiber sensor, phase-sensitive optical time domain reflectometry ( -OTDR), vibration measurement.
Introduction
Phase-sensitive optical time-domain reflectometry ( -OTDR) is an ideal intrusion sensor due to its capability of distributed vibration detection along a long-distance sensing fiber. The application realms include the security monitoring, the civil structure health monitoring, etc. [1] , [2] . In these applications, several parameters, such as dynamic range (DR) [3] , [4] , spatial resolution (SR) [5] , [6] and signal-to-noise ratio (SNR) [7] - [10] , have attracted lots of attention and been greatly improved. However, another important parameter, the nuisance alarm rate (NAR), is still a limitation, due to the unpredictable strain-amplitude response in conventional -OTDR. According to the 1-D backscatter impulse model of -OTDR, the backscattered light is a summation of coherent re-radiation at vast Rayleigh scatterers [11] , [12] . When a fiber section is dynamically strained, there is a change of fiber index and relative positions of scatterers. As the result, the amplitude of composited backscattered light varies in response to the vibration. The conventional scheme based on this principle is called as amplitude-measuring -OTDR in this paper. Obviously, the relationship between the vibration and amplitude of backscattered light is nonlinear. Actually, the relationship is unpredictable since the original fiber index distribution and scatterer positions are random, and they are always varies with the changing temperature and strain. In such a case, only the frequency information of the vibration can be obtained [5] - [9] , thus environmental noises may frequently trigger the intrusion sensor. In addition, the real human intrusion may be accompanied by some environmental noises, making the situation more complicated. To solve these problems, some algorithms such as multi-scale wavelet decomposition, artificial neural network (ANN), and level crossings (LCs) have been proposed [13] , [14] . However, so far, these methods are all based on amplitude-measuring scheme, in which the NARs is also affected by the unpredictable strain-amplitude transfer function.
As discussed above, a key point of signal identification is the high fidelity capture of vibration, then the frequency, the amplitude and the phase of the vibration can be utilized in further signal processing. Phase-measuring -OTDR is a candidate for the sake of this. Unlike the amplitudemeasuring method, phase-measuring -OTDR utilizes the identical instead of the relative change of scatterers in the light pulse, the vibration is reconstructed from the phase information of the backscattered light. The technique has been developed for decades. In 1980s, the demodulation of dynamic phase with peak-to-peak value far over 2π, is presented by naval research laboratory for Mach-Zehnder interferometer (MZI) [15] . Then a MZI-assisted -OTDR is reported to measure the dynamic strain along the optical fiber in 2000 [16] . The technique is also patented [17] and successfully demonstrated with subsurface seismic monitoring [18] . Besides the method with MZI on the output which produces two virtual probe pulses [16] - [19] , other methods with real separated double probe pulses are recently published for high fidelity vibration measurement [20] , [21] . All the above methods utilize the interference between the Rayleigh backscattered lights from two virtual or real probe pulses.
Phase-measuring -OTDR can also be established on heterodyne detection scheme [22] - [26] , in which the interference between the reference and Rayleigh backscattered light is utilized. Recently, we proposed a quantitative vibration sensor based on this technique [27] , the uncertainty in phasemeasuring was suppressed, and high quality recovery of the vibration was achieved. In this paper, we present a progress of that result, which demonstrates the identification and separation of a double-source vibration system. The vibrations influence a same fiber zone simultaneously, thus they can represent nearby targets which are hard to be distinguished by conventional -OTDR, or real intrusion which accompany with ambient interferences. Fig. 1 shows the proposed heterodyne detection -OTDR. A customized high coherent laser module delivers 120 mW CW power with wavelength of 1550.1 nm and linewidth of <2 KHz. The module consists of a narrow linewidth fiber seed laser and an erbium-doped fiber amplifier (EDFA). An optical coupler splits the output light into the probe (98%) and reference light (2%), respectively. The probe part is modulated into 25 ns width pulse by an acoustic-optic-modulator (AOM, Gooch & Housego, T-M080-0.4C2J-3-F2P) with pulse repetition rate of 3 KHz and frequency shift of 80 MHz, then launched into the single mode sensing fiber by an optical circulator. A 200 MHz bandwidth balanced photon detector (BPD, Thorlabs, PDB460C-AC) receives ∼100 uW reference and backscattered light, and the intermediated frequency (IF) output is acquired by a data acquisition system (DAQ) with a sampling rate of 1 GS/s.
Principle

Phase-Measuring -OTDR
The IF output of the BPD can be expressed as
where z denotes the distance, and t stands for the time with the interval of pulse period. k denotes the wave-number shift induced by AOM, and K t (z) stands for the IF amplitude. The phase information t (z) [12] can be demodulated with the expression
where arg denotes the calculation of angle, L represents the IF period in terms of distance, and m is an integer number. When we focus on the differential phase between sections A and B ( t (A ) − t (B )), the uncertainty of m can be eliminated and the shift of t (A ) − t (B ) (referred to as the phase shift in A-B separation) if the requirement for unwrapping algorithm is satisfied:
where abs means the absolute value. Then, the vibration applied between A and B can be recovered since it is directly proportional to the phase shift. Commonly speaking, there is a phase shift error induced by random noises and relative changes of Rayleigh scatterers, and we have proposed a statistic calculating method [27] to suppress it. The interrogated A-B separation is treated as a statistic value of many sub-separations between sections A and B in the method. The calculation can be represented as
where
n denotes the total number of sub-separations. The modified differential phase in A-B separation, which is written as ϕ t (A − B ), is a mean value of estimated differential phase in i-j sub-separations. Considering the computational burden and uncertainty suppression efficiency, the parameter of chosen i-j sub-separation is set as i ࢠ (
(A + B)/2, A] and j ࢠ [ B, i−(A−B)/2).
Vibration Separation Method
Based on the accurate vibration capture in phase-measuring -OTDR, different vibration sources can be distinguished according to the time delays between the sources and different fiber positions [28] , [29] . In this paper, we use a simple model as shown in Fig. 2 .
Vibration V S1 and V S2 , et al. appear simultaneously and at different positions, which refer to intrusion behavior and ambient interferences. As a Fourier transform result, V S1 can be written as
where A(ω) and θ(ω) denote the amplitude and phase information of the vibration at each frequency. Considering the transmission time, the signal attenuation and the strain-phase coefficients, the V S1 induced phase shifts in A-B and C-D separations can be represented as which κ 1 and κ 2 represent the strain-phase coefficients, L 1−VS1 , L 2−VS1 denote the distances between V S1 and the influenced separations, υ is the spreading velocity of the vibration field. According to these, a new equation can be easily realized:
, and const1 is a value which only depends on the position of V S1 . Obviously, the procedure described above is applicable to all vibration sources, thus different vibration sources can be separated by analyzing (ω), which is the time difference between two fiber positions. It should be mentioned that (8) holds only when the velocity is constant for all vibration frequencies. In addition, according to the triangulation principle, it is a hyperbolic curve which is decided by two fiber positions, and at least three positions are needed to accurately locate the vibration source. In this paper, we focus on the possibility of utilizing the vibration phase information for vibration separation, and a simple scheme is tested.
Experimental Setup
A proof of principle experiment is designed for the double-source vibration separation, as shown in Fig. 3 . Two audio-frequency signals are outputted as stereo signal from a computer, the signal amplitude, frequency and phase are controlled by a MATLAB program. The signals are amplified and applied on two PZT cylinders with two 10 m fiber wrapped, corresponding to A-B and C-D separations in Fig. 2 . There is ∼1.7 km fiber before the PZTs. As mentioned above, if one wants to measure the vibration between two fiber sections accurately, the sections themselves should not be influenced. Otherwise, the relative changes between the scatterers will leads to additional phase error. However, the influences in sections B and C are inevitable in practical applications, which can be seen in Fig. 2 . To simulate this effect more accurately, the distance between A-B and C-D separations is set as ∼0.3 m, which is much smaller than the spatial resolution. In the experiment, one vibration is designed as of single frequency, which is V S1 = sin(2π · 80t). The other one is of fundamental and second harmonics, which is written as V S2 = sin(2π · 45t) + sin(2π · 90t). Considering the strain-phase coefficients and time delays in different paths, the vibration-induced phase shifts are set as
Results and Discussion
Vibration Capture
The 80 MHz IF signal is sampled for ∼1.37 s (containing 4096 pulse periods) and then digital band-passed with a bandwidth of 40 MHz. The vibration behaviors are located by conventional amplitude-measuring method due to its lower computing cost. To obtain the amplitude-distance traces, the data is Fourier transformed with a window width of 10 points and a moving step of one point (corresponding to a spatial step of 0.1 m). A moving averaging and moving differential method similar to [7] is adopted. Each trace is compared to the last one and a 10 times moving averaging is implemented on the neighboring differential amplitude-distance traces. The vibration behavior located at ∼1.7 km is observed, as shown in Fig. 4 . The width of vibration zone is ∼25 ± 5 m, considering the spatial error, and it is in accordance with the influenced fiber length of ∼20.3 m (20 m wrapped fiber and 0.3 m distance between PZTs) and spatial resolution (half pulse width) of 2.5 m.
The IF data nearby the located vibration position is demodulated according to (2) to obtain the phase-distance traces, the spatial step is also 0.1 m. Then the phase shifts in two 10 m length fiber separations (see in Fig. 4 ) are investigated. To reduce the probable interference between the PZTs, a 5 m distance between two chosen separations is adopted. The unwrapping algorithm is applied on the phase-distance traces and the phase-time vectors, which is same as [27] described. According to the separation length of 10 m and the spatial step of 0.1 m, the maximum value of i in (4) is 100, then the statistic calculating is executed with the parameters of i ࢠ (50, 100], j ࢠ [0, i-50) and N = 1275. At last, we get the result shown in Fig. 5(a) . There are low frequency baselines in the phase-time traces (especially in PZT2), which may be caused by random noises. In this paper, a polynomial fitting is used to eliminate the baselines, and other solutions such as the multi-frequency method [11] are currently under investigation.
The comparison of phase-time and amplitude-time curves is shown in Fig. 5 (b) and 5(c) (the time axis is enlarged for clarity). The peak-to-peak value of dynamic strain is (peak-to-peak value of phase shift/2π) • wavelength/separation length (25/2π) • 1550.1/10 = 616 nε. Better consistencies between the applied signals and the phase shifts are observed. The result indicates a successful capture of the vibration, and demonstrates the linear strain-phase relationship and high reliability of the phase measuring method.
Vibration Separation
Once the phase shifts are reproduced, they are Fourier transformed to confirm the vibration frequencies. In Fig. 6(a) and Fig. 6(b) (the frequency axis is enlarged for clarity), three expected peaks at 45, 80, and 90 Hz appear in both PZTs, while it is hard to identify the vibration frequency in amplitude-measuring results. The vibration power can be seen in several nearby frequencies, due to the spectrum leakage induced by the limited sampling time of 1.37 s and frequency resolution of 0.73 Hz.
The minimum detectable strain is investigated based on the root mean square (RMS) estimation [15] , [16] . Fig. 6(c) shows the bandwidth-normalized signal spectrum of the vibrations. The detection limit is shown to be ∼0.2 nε/Hz 1/2 at 1 KHz. It can be seen that the RMS decreases with increasing frequency, indicating the better performance in high frequency vibration detection.
According to the frequency information, the phase data at effective frequencies is shown in Table  1 . It is observed that the measured phase is in good agreement with the applied signal. The phase data in Table 1 is also plotted in Fig. 7(a) , a linear fitting with the adjusted R square value of 0.9998 and residual sum of squares of 0.00836 rad 2 is observed, which indicates a vibration phase error of ∼(0.00836/8) 1/2 = 0.032 rad. Based on these data, the (ω) described in (8) Fig. 8 . Good consistency between the theoretical and measured signal is observed. In this case, the real intrusion behavior can be distinguished from the ambient interferences, and further identification of multi-intruders will be available.
Discussion
In our experiment, the parameter of probe light, especially the pulse width, has to be optimized. Generally speaking, the pulse width should be short enough for the vibration location and capture. Since the relative changes between the scatterers in sections B and C (see Fig. 2 ) will produce additional phase error, shorter pulse width means less relative change and smaller phase error. A simulation of this effect is shown in Fig. 9 . The sensing fiber is influenced by a single-frequency vibration (red-colored line, input), two 10 m separations in the influenced zone are interrogated (blue and green-colored lines, output), and the pulse widths are 5 and 20 m (corresponding to the spatial resolution of 2.5 and 10 m), respectively. It can be seen that the same input vibrations produce different measured signals due to the random Rayleigh scattering coefficient and phase. In addition, benefit from the smaller phase deviation, much more accurate measurement can be achieved in -OTDR with 5 m width pulse. However, it is well-known that long light pulse is good for the long-distance measurement, thus tradeoff exists between the achievable accuracy and dynamic range. In our experiment, the pulse width is set at 25 ns (corresponding to the pulse width of 5 m and spatial resolution of 2.5 m).
It also has to be pointed out that the proposed vibration separation method and experiment is still quite simple. First, the coherent fading and polarization dependent fading, which affect the SNR of obtained signal in coherent detection system, have not been sufficiently considered. Consequently, the result above is not reliable enough for practical intrusion detection, since the measurement along the entire sensing fiber is expected. For the statistic analysis, the same measurement is carried out for 20 times in several days (the data processing is off-line calculated at now, thus the sample size is limited). Four amplitude-measuring results with poor SNR are observed, and the signal separation is failed. These failures are induced by coherent fading and polarization dependent fading. Besides, 2 signal separation faults in the rest measurements are observed, due to the remaining phase error. The results indicate a vibration detection probability of 80% and vibration separation probability of 70% based on our present scheme. It can be predicted that the probabilities will be higher by using polarizing beam splitter (PBS), the polarization maintaining configurations (for polarization dependent fading elimination) [2] , [8] , and multi-frequency method (for coherent fading elimination) [11] .
Another problem is the probable complicated vibration frequency information in practical applications, then the reliability of the proposed vibration separation method will be affected. Furthermore, we only utilize two fiber positions for the signal separation, while the investigation of more positions will benefit the further vibration identification. We are currently working on the above mentioned issues. We are also trying to integrate the field programmable gate array (FPGA) or digital signal processor (DSP) into the system for the real-time sensing.
Conclusion
In this paper, we introduce the phase-measuring -OTDR for the high fidelity vibration measurement along a long-distance fiber at first. A statistic calculation method is used for the error suppression. Then we propose a vibration separation method according to the time difference analysis. A proof of principle experiment is set up, two vibration sources influencing the fiber simultaneously are successfully separated, with a probability of 70% under present conditions. This demonstrates an improvement of vibration identification in -OTDR and makes the system more reliable in practical application realms.
